Ubiquitin (Ub) is an important signaling protein. Recent studies have shown that Ub can be enzymatically phosphorylated at S65, and that the resulting pUb exhibits two conformational states-a relaxed state and a retracted state. However, crystallization efforts have yielded only the structure for the relaxed state, which was found similar to that of unmodified Ub. Here we present the solution structures of pUb in both states obtained through refinement against state-specific NMR restraints. We show that the retracted state differs from the relaxed state by the retraction of the last β-strand and by the extension of the second α-helix. Further, we show that at 7.2, the pK a value for the phosphoryl group in the relaxed state is higher by 1.4 units than that in the retracted state. Consequently, pUb exists in equilibrium between protonated and deprotonated forms and between retracted and relaxed states, with protonated/relaxed species enriched at slightly acidic pH and deprotonated/retracted species enriched at slightly basic pH. The heterogeneity of pUb explains the inability of phosphomimetic mutants to fully mimic pUb. The pHsensitive conformational switch is likely preserved for polyubiquitin, as single-molecule FRET data indicate that pH change leads to quaternary rearrangement of a phosphorylated K63-linked diubiquitin. Because cellular pH varies among compartments and changes upon pathophysiological insults, our finding suggests that pH and Ub phosphorylation confer additional target specificities and enable an additional layer of modulation for Ub signals.
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ubiquitin | phosphorylation | protein dynamics | pH sensitivity | conformational switch U biquitin (Ub), a 76-residue signaling protein, is found ubiquitously in cells. Two or more Ub molecules can be covalently linked to form a diubiquitin (diUb) and then a polyubiquitin (polyUb), as an isopeptide bond is formed between the carboxylate group of one Ub (called the distal Ub) and the amine group of another Ub (called the proximal Ub). Owing to the characteristic quaternary structures of polyUb and specific interactions between polyUb and its target proteins (1, 2) , a polyUb with a specific linkage can be involved in a distinctive set of cellular functions (3) .
The heterogeneity of Ub also arises from other types of covalent modifications. Proteomics studies have indicated that Ub is phosphorylated at multiple sites (4, 5) . However, PINK1 is the only Ub kinase known to date, which specifically phosphorylates Ub at S65 (6, 7) . Under normal conditions, only a fraction of Ub is S65-phosphorylated. However, upon oxidative stress, neurodegeneration, or aging, the level of S65 phosphorylation increases significantly (4, 8) . S65-phosphorylated Ub (pUb) in turn can activate PARKIN, a ubiquitin ligase, and induce mitophagy (9) (10) (11) (12) . However, no other pUb-specific targets have been clearly identified, and how phosphorylation affects Ub signaling in general remains unclear.
Previously, Komander and coworkers showed that pUb gives two distinct sets of NMR peaks, which correspond to the two conformational states of pUb exchanging at a slow timescale (13) . Based on NMR long-range HNCO experiments, the authors concluded that the two states differ in the hydrogen-bonding network involving the last β-strand (β5)-the β5 moves up by two residues and the C-terminal tail in one conformational state is then retracted. However, crystallization efforts yielded only the structure for the relaxed state, which turned out to be similar to the structure of unphosphorylated wild-type Ub (13, 14) . Furthermore, S65D or S65E phosphomimetic mutants of pUb afforded only a single set of NMR peaks (13) and failed to fully mimic S65 phosphorylation (4) .
The various organelles and compartments inside a cell are buffered at specific pHs (15) . Because Ub is involved in myriad aspects of cellular processes, it is possible that pH may play a role in Ub function. Acids are continuously generated from metabolic activities. Therefore, the homeostasis of cellular pH has to be maintained, and slight pH change, even transient and localized, can serve as a cellular signal (15, 16) . For example, the loss of pH gradient across the inner membrane of mitochondria often Significance Ubiquitination and phosphorylation are the two most important protein posttranslational modifications and cell signals. Ubiquitin can be specifically phosphorylated at S65, and the finding here suggests a general functional role for Ub phosphorylation. We show that subtle fluctuation near physiological pH can affect the protonation status of the S65 phosphoryl group and modulate the structure of the ubiquitin monomer and polyubiquitin. It is known that cellular pH varies among organelles and changes under physiological and pathological conditions. Because ubiquitin is involved in myriad aspects of cell biology, a pH-sensitive conformational switch acquired upon S65 phosphorylation would allow phosphorylated ubiquitin to interact with different target proteins upon environmental cues. It would also enable cross-talk between ubiquitination and phosphorylation signals. preludes mitophagy (17) , a process involving PARKIN and pUb. Therefore, we hypothesize that pH may regulate the function of pUb during mitophagy as well as other cellular processes.
To understand how S65 phosphorylation and pH may impact Ub signals, we set out to determine the solution structures of pUb in both relaxed and retracted states. We came to discover that the S65 phosphoryl group in the relaxed state has an unusually elevated pK a value, much higher than that in the retracted state. As a result, the pUb interconverts between relaxed and retracted states and also between protonated and deprotonated species, whose equilibrium is shifted in response to slight pH change. Using phosphorylated K63-linked diubiquitin (pK63-diUb) as a reporter, we further show that the pH-dependent conformational switch of pUb can be translated into the rearrangement of Ub subunits in pK63-diUb. Thus, we propose that S65 phosphorylation modulates the structure of polyUb and enables polyUb to interact with different target proteins.
Results and Discussion
The Solution Structure of pUb Relaxed and Retracted States. We identified 125 peaks for the backbone amide of pUb in the S1 ). Among these peaks, 59 can be assigned to the relaxed state, 56 can be assigned to the retracted state, and 10 can be assigned to both states. Starting from well-resolved peaks, we could make nearly complete assignment of side-chain resonances and obtain state-specific NOE distance restraints ( Fig. S2 ) and residual dipolar coupling (RDC) restraints. For the 10 overlapped residues, only intraresidue or sequential NOE restraints were applied and no RDC restraints. Refining against the different types of restraints, we determined the solution structures of pUb in both relaxed and retracted states (Table S1 ).
The structure for the relaxed state is well-converged, with a rootmean-square (RMS) deviation of 0.24 ± 0.05 Å for backbone heavy atoms ( Fig. 1A and Fig. S3 ). The relaxed state structure is similar to the crystal structures of pUb previously determined ( Fig. S4 A and B) (13, 14) , with RMS differences of <0.8 Å for backbone heavy atoms. The solution structure for the relaxed state is also similar to the structure of unphosphorylated Ub, with backbone RMS differences of <0.8 Å (Fig. S4 C and D) (18, 19) .
The structure for the retracted state also converges well, with a backbone RMS deviation of 0.33 ± 0.07 Å (Fig. 1B, Fig. S5 , and Table S1 ). To assess the accuracy of the structure, we performed multiple cross-validations. Leaving out one set of RDC restraints, we could still obtain the structure of the retracted state, which is similar to the structure obtained by refining against the full set of restraints ( Fig. S6 A and B) . Significantly, the free RDC restraints can be cross-validated with the working structures ( Fig. S6 C and  D) . We also refined the structure of the retracted state with a subset of randomly selected NOE distance restraints. Regardless, the calculations afforded similar structures ( comprises residues L67 to L73, and the backbone carbonyl group of L67 forms an interstrand hydrogen bond with the amide group of F4 ( Fig. 1 C and E) . In the relaxed state, β5 comprises residues pS65 to L71, with the carbonyl group of pS65 hydrogen-bonded to the amide group of F4. In addition to β5 retraction, helix α2 extends by three more residues in the retracted state ending at Q62, as opposed to Y59 in the relaxed state ( Fig. 1 D and F) . Accompanying the secondary structure changes, the residues in the loop connecting α2 and β5 undergo a large movement, as large as ∼10 Å, between the two conformational states (Fig. 1 A and B) .
pH Regulates the Abundance of the Two pUb States. At pH 7.4, we found that the well-resolved peaks for the two conformational states of pUb have nearly the same peak intensities. However, in the previous NMR study done at a slightly lower pH, it was found that the relaxed state of pUb had a larger population (13) . To assess whether the difference in the relative peak intensities arises from different buffer conditions, we collected 1 H- 15 N HSQC spectra of pUb at pH values of 7.4, 6.9, 6.4, and 5.9. As the pH decreases, the peak intensities for the retracted state decrease, whereas the peak intensities for the same residues in the relaxed state increase (Fig. 2 A and C) .
The peak intensities of all pUb residues follow the same trend in response to pH, but details vary. At pH 7.4, the relative peak intensities between retracted state and relaxed state can be >1 for some residues but much smaller for some others. For example, the peak intensity of Q62 in the retracted state is 2.21 times that in the relaxed state, whereas the peak intensity of L69 in the retracted state is only 0.59 times that in the relaxed state (Fig. 2E) . The deviations likely arise from structural change and local dynamics. Thus, the peak intensities measured from 2D To understand what triggers the interconversion between the two states, we collected a series of 1D 31 P spectra over a broad range of pH from 4 to 9. Unlike 2D 1 H- 15 N HSQC spectra, we could easily integrate the volume for each 31 P peak, which corresponds to the exact population of the associated conformational state. At pH 7.4, two 31 P peaks can be observed, and the integral for the downfield peak is slightly larger than the integral for the upfield peak (Fig. 3A) . As pH decreases, the integral for the upfield peak increases and reaches ∼80% of the total pUb; as pH increases, the integral for the downfield 31 P increases and reaches ∼60% of the total pUb (Fig. 3B) (Fig. 3C ). The pK a value for the retracted state is consistent with the value generally observed for the serine phosphoryl group (21) , and is also consistent with the structure of the retracted state in N-HSQC spectra for residues I23, A28, and D32 in pUb and the proximal Ub of pK63-diUb, respectively. The data were collected at 298 K with the proteins prepared in 20 mM Pipes buffer containing 150 mM NaCl. These residues are far from pS65, and experience relatively little chemicalshift perturbations upon pH change. (C and D) The abundance of the relaxed or retracted state, roughly proportional to the peak intensities, is plotted as a function of pH. (E) Relative peak intensity for all of the residues in pUb. Only the peaks that can be quantified for both states in all pH conditions are shown. Error bars indicate the SD propagated from the peak-intensity measurements. The secondary structures of pUb are indicated. which pS65 is located in a loop and its side chain is solvent-exposed (Fig. 1D) . However, the pK a value for the relaxed state is unusually elevated, differing from that of the retracted state by 1.4 pH units.
To explain why the pK a value of pS65 in the relaxed state is so elevated, we performed molecular dynamics (MD) simulations for the different species of pUb. As indicated by backbone RMS fluctuations, the protonated/relaxed species is more stable than deprotonated/relaxed species of pUb, whereas the deprotonated/ retracted species is more stable than protonated/retracted species of pUb (Fig. S7) . Importantly, the simulations revealed that the protonated S65 phosphoryl group in the relaxed state could form a hydrogen bond with the backbone carbonyl group of K63 in an ideal geometry (Fig. 3D) . This hydrogen bond would stabilize the protonated/relaxed species of pUb and account for the unusually high pK a value.
Based on the pK a values and based on the relative abundance of the two pUb states at various pHs, we determined the equilibrium constants for the interconversion between the relaxed state and retracted state, which are 15.2 ± 1.1 from the protonated/retracted species to the protonated/relaxed species and 1.7 ± 0.1 from the deprotonated/relaxed species to the deprotonated/retracted species (Fig. 3E ). As such, the coupled equilibria explain why the protonated/relaxed species is enriched at slight acidic pH and the deprotonated/retracted species is enriched at slightly basic pH.
Using these four equilibrium constants, we could also backcalculate the populations for the relaxed and retracted states, which agree well with the experimental values at pH between 6.5 and 8 (Fig. 3B) . At more acidic pH, however, the experimental population for the retracted state hovers at ∼0.2, higher than the calculated value. It is possible that additional factors such as protonation of neighboring E64 may help to stabilize the retracted state at acidic pH.
Ub Phosphomimetic Mutants Are Similar to Wild Type. Glutamate or aspartate substitution of serine is commonly used for mimicking phosphorylated serine, as it can be easily engineered. However, a previous NMR study showed that the mutant has only one set of NMR peaks (13) . Here we collected the backbone RDC values for Ub S65E and S65D mutants and assessed them against the structures of the relaxed state of pUb and unmodified wild-type Ub (Fig. S8) . The good correlations between the observed and calculated RDCs indicate that the structures of phosphomimetic mutants are similar to the structure of the relaxed state. On the other hand, the RDC values measured for the phosphomimetic mutants agree poorly with the structure of the retracted state, with the largest discrepancies observed for residues in β5 and the α2-β5 loop (Figs. S8 and S9) .
We also compared the electrostatic potentials of the various structures (Fig. S10) . The electrostatic surface of the S65E or S65D mutant appears similar to that of the protonated/relaxed species of pUb. However, pUb can carry two negative charges at residue 65 either in its relaxed state or retracted state, which would have drastically different electrostatic surfaces. Hence, the different charge states and conformational heterogeneity of pUb explain why glutamate or aspartate substitution poorly mimics Ub S65 phosphorylation. Because polyUb is the predominant form in cells (22), we asked whether the structure and dynamics of phosphorylated polyUb are also affected by pH. K63 is close to the phosphorylation site, and moves by ∼10 Å between the two conformational states of pUb. Thus, the quaternary structures of K63-linked diubiquitin (K63-diUb) may be affected by S65 phosphorylation. With an unlabeled pUb attached at K63 of an 15 N-labeled pUb, we evaluated the peak intensities of proximal pUb in response to pH. Just like the pUb monomer, the peak intensities of the relaxed state in pK63-diUb also decrease when the pH increases, and at pH 7.4 have nearly the same intensities as the corresponding peaks in the retracted state (Fig. 2 B and D) . Because the relative abundance of the two states is dictated by the equilibrium shift among the four pUb species (Fig. 3E) , it can be reasoned that the proximal pUb in pK63-diUb has the same pH-sensitive conformational switch as the pUb monomer does.
We have shown previously that K63-diUb adopts three interconverting conformational states, each responsible for recognizing a specific target protein (2) . Also in that study, we showed that the two closed states of K63-diUb, namely C1 and C2, are populated at a 3:1 ratio in the absence of a target protein. Here, using singlemolecule fluorescence resonance energy transfer (smFRET) with fluorophores conjugated at the N25C site of distal Ub and G76C site of proximal Ub, we directly visualized the conformational distribution of K63-diUb. The single-molecule measurement allows a straightforward assessment of the constituting conformational states in a dynamic system without the complication from ensemble averaging (23, 24) . At pH 7.4, we found that the smFRET profile of K63-diUb can be fitted as the sum of three Gaussian functions (Figs. S11-S13 ). Centering at FRET efficiencies of about 24, 47, and 64%, the populations for the low-, medium-, and high-FRET species are 10, 23, and 67%, respectively (Fig. 4A) . The high-FRET and medium-FRET species have a ratio of 3:1, suggesting that these two species correspond to the two closed states previously characterized (2) . When the pH is dropped to 6.4, the smFRET profile for K63-diUb remains the same (Fig.  4C) , indicating that the structure of unphosphorylated K63-diUb is insensitive to pH. The unusually high pK a value for the relaxed state can be attributed to a hydrogen bond between the protonated pS65 phosphoryl group and the backbone carbonyl of K63. (E) Illustration of the coupled equilibriums of pUb, with the equilibrium constants denoted. A slight decrease in pH leads to the enrichment of protonated/relaxed species of pUb, whereas a slight increase in pH leads to the enrichment of deprotonated/retracted species of pUb.
Using the same labeling scheme, we characterized the conformational space of pK63-diUb. Its smFRET profile can also be fitted as the sum of three FRET species, which center at the same FRET efficiencies as those observed for K63-diUb. However, the population for the high-FRET species is only 54% at pH 7.4, whereas the population for the medium-FRET species is 35% for pK63-diUb (Fig. 4B) . As the pH decreases to 6.4, the smFRET profile can still be fitted to three Gaussian functions (Fig. S13) . However, more than 20% of the protein is converted from the medium-FRET species to the high-FRET species, with the latter populated at 79% (Fig. 4D) .
Determination of the ensemble structures of pK63-diUb would be complicated, as it involves a permutation of the two conformational states for each Ub subunit. Thus, we modeled the structures based on the known ensemble structures of K63-diUb (2) . Randomizing the configurations of the fluorophores attached to the C1 and C2 closed-state structures, we obtained interdye distances of 50.4 ± 9.7 and 56.1 ± 9.2 Å, respectively. The distances are in good agreement with the distances computed based on the FRET efficiencies, 47.4 and 53.2 Å for high-and medium-FRET species, respectively. Thus, the pH-sensitive movement of the α2-β5 loop and residue K63 in pUb may be piggybacked onto the domain movement of K63-diUb-the proximal pUb in the relaxed state appears compatible with the C1 closed state (Fig. 4E) , and the proximal pUb in the retracted state appears compatible with the C2 closed state (Fig. 4F ). This would explain why a pH decrease leads to the conversion from the medium-FRET species to the high-FRET species of pK63-diUb. Because the quaternary arrangement between Ub subunits is responsible for target specificity (1, 2), S65 phosphorylation would allow polyUb to interact with target proteins differently at different pHs.
Concluding Remarks
With the joint use of multiple biophysical techniques, we show here that the structure of pUb exists in equilibrium between protonated and deprotonated species and between retracted and relaxed states. Thanks to a hydrogen bond between the protonated phosphoryl group and the backbone carbonyl of K63, the S65 phosphoryl group in the relaxed state has an elevated pK a value of 7.2. Consequently, any pH change can cause a shift of the equilibrium, enriching protonated/relaxed species or deprotonated/retracted species. pHsensitive conformational switches have been reported for many other proteins (25) (26) (27) . It has also been reported that K48-linked diubiquitin switches from a closed conformation to a predominant open conformation at pH 4.5 (28, 29) . However, these examples of acid-base equilibrium all involve protein titratable side chains. Thus it is particularly interesting that a phosphoryl group can respond to subtle fluctuation around physiological pH and trigger a protein conformational switch.
The pH-sensitive conformational switch of the pUb monomer leads to the structural rearrangement of phosphorylated polyUb. The different quaternary structures of a polyUb would then confer upon the polyUb additional target specificities (1, 2) . It is wellknown that the different cell compartments are homeostatic at specific pHs. For example, the pH is ∼7.2 in the cytosol and nucleus, ∼8 inside mitochondria, between 6.0 and 6.7 in the Golgi, and more acidic in endosomes, ranging from 5.5 to 6.5 (15) . Thus, the pH sensitivity may allow polyUb to perform location-specific functions. Moreover, the kinase of pUb, PINK1, is either anchored at mitochondria or exists as a soluble form in the cytosol (30) . Thus, phosphorylated polyUb can be either recruited or generated onsite. Upon oxidative stress, neurodegeneration, and aging, Ub phosphorylation level drastically increases (4, 8, 31) , whereas mitophagy, apoptosis, ischemia, inflammation, aging, and many pathophysiological conditions are all associated with changes in cellular pH (32) (33) (34) (35) . Altogether, it is likely that certain functions of pUb are only turned on in response to changes in both Ub phosphorylation level and environmental pH. Our finding thus opens a door for the better understanding of how phosphorylation regulates ubiquitin signaling.
Materials and Methods
Full methods are provided in SI Materials and Methods. Proteins were prepared following established protocols (13, 36, 37) . NMR data collection was performed with Bruker 500-, 600-or 850-MHz spectrometers. The solution structures for the two states of pUb were refined using Xplor-NIH (38) . Proteins labeled with Alexa Fluor 488 and Cy5 dyes were analyzed using a confocal microscope equipped with picosecond-pulsed lasers using an interleaved pulsing scheme The smFRET profile of K63-diUb can be fitted as the sum of three FRET species. Centering at efficiencies of 24.3 ± 1.5, 47.4 ± 0.6, and 63.8 ± 0.6%, the populations for the three species are 10.0 ± 0.5, 22.7 ± 1.0, and 67.3 ± 1.4% at pH 7.4, and 9.2 ± 0.4, 23.2 ± 0.9, and 67.6 ± 0.7% at pH 6.4. (B and D) The smFRET profile of pK63-diUb can also be fitted as the sum of three FRET species. The populations for the three species are 10.9 ± 0.8, 34.1 ± 0.4, and 55.0 ± 0.7% at pH 7.4, and 6.8 ± 1.6, 14.0 ± 2.3, and 79.2 ± 1.4% at pH 6.4. (E and F) Structural models for the high-and medium-FRET species of pK63-diUb. Providing that the pH-sensitive movement of the α2-β5 loop is piggybacked onto the intrinsic subunit movement of K63-diUb, the FRET distance (indicated by red lines) is shorter when the proximal Ub is in the relaxed state (green cartoon) than it is in the retracted state (cyan cartoon). The Ub linkage is indicated with dashed lines.
